In excited molecules, the interaction between the covalent Rydberg and ion-pair channels forms a unique class of excited Rydberg states, in which the infinite manifold of vibrational levels are the equivalent of atomic Rydberg states with a heavy electron mass. Production of the ion pair states usually requires excitation through one or several interacting Rydberg states; these interacting channels are pathways for loss of flux, diminishing the rate of ion pair production. Here, we develop an analytical, asymptotic charge transfer model for the interaction between ultracold Rydberg molecular states, and employ this method to demonstrate the utility of off-resonant field control over the ion pair formation, with near unity efficiency.
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I. INTRODUCTION
Ultracold atomic systems allow for precise control via laser and static fields and are employed for simulating strongly-correlated many-body condensed matter and optical systems, for performing chemistry in the quantum regime, and for executing quantum computing protocols [1] [2] [3] . Excitations in ultracold atomic traps have ushered in the Rydberg blockade regime [4, 5] (with promise for quantum information processing and quantum bit operations), ultracold plasmas [6] (with application in recombination, ion crystal order and heating), and ultra long range Rydberg molecules [7, 8] (for studies of few-body molecular systems, symmetry breaking [9? , 10] and coherent control [11] ).
Another class of molecular states, the ion pair states, form channels when the covalent Rydberg channels couple to the long-range ion-pair potential. These atomic cation-anion pair states share several properties with ionic molecules; an infinite spectrum of vibrational levels which follow a Rydberg progression with a heavy electron mass, and large permanent electric dipole moments. They are also long-range states and have typically negligible Franck-Condon (FC) overlap with the usual short-range molecular levels. These heavy Rydberg states (HRS) have been experimentally observed in several molecular species, relying on excitation from bound molecular levels [12] [13] [14] [15] .
The prevailing issue with indirect excitation of bound molecules, such as in H 2 and Cl 2 [12] [13] [14] [15] , is that it is not a priori possible to identify a set of long-lived intermediate heavy Rydberg states to which ion the pair states couple. In a recent work [16] , it was proposed to directly pump long-lived HRS from ultracold Feshbach molecular resonances, just below the avoided crossings between the covalent potential energy curves and the ion-pair channel. The predominant excitation to HRS occurs near the avoided crossings, because the non-adiabatic mixing allows for favorable electronic transitions to the HRS. When the nuclear HRS wave function peaks at the classical turning point, the internuclear FC overlap increases.
In this work, we develop an analytical, but asymptotic model for one-electron transfer, merging single-center potentials for the Rb atom, and demonstrate efficient field control over the rate of ion pair formation. Adiabatic potential energy curves are calculated along with the radial non-adiabatic coupling and dipole transition matrix elements. We compare our adiabatic potential energies with the Born-Oppenheimer (BO) potential energy curves from Ref. [17] . We find that with modest offresonant external fields, we can alter the avoided crossing beween the covalent HRS and ion pair channels, and modify the behavior of the nuclear wavefunction at the classical turning points; hence, control the FC overlaps and rate of ion pair formation.
This excitation occurs at larger internuclear separations, where the overlap and transition dipole moments between the ground and ion pair states are significant. The method proposed in [16] requires adiabatic rapid passage or multiphoton transitions to enhance this excitation, while in the present work, only off-resonant fields must be employed to increase the efficiency of ion pair production.
II. METHODOLOGY AND RESULTS
The present charge transfer model relies on one active electron participating in the process of ion pair excitation. For the charge transfer to occur, the Rb valence electron is ionized from one center, separated from the other neutral center by a distance R. The ionization process is calculated in the one-electron effective potential model of Ref. [18] . The interaction of the electron with the neutral Rb atom is modeled by the short-range scattering of the low-energy electron from the groundstate Rb atom. This is done with a symmetric inverse hyperbolic cosine (Eckart) potential. Scheme from [16] relied on excitation to the Rb(5s)+Rb(6p)/Rb + +Rb − (ion pair) or Rb(5p)+Rb(5p)/ion pair crossings (excitation 2 and 3). Here, we focus on the Rb(5s)+Rb(7p)/ion pair crossing (excitation 1). Subsequent to excitation, both schemes from [16] require multiphoton excitation or chirped pulse rapid adiabatic passagee. Excitation 1, directly to the Rb(5s)+Rb(7p)/ion pair crossing, can more easily be controlled with dc electric fields. Additionally, the Franck-Condon factors for this excitation are favorable, as demonstrated by the ν = 124 Feshbach molecule vibrational wavefunction. The dashed curve is the ion pair potential.
The two-center Hamiltonian matrix elements are constructed by expanding in a basis of atomic Rb Rydberg orbitals and the single bound orbital in the Eckart potential. The resulting generalized eigenvalue equation is solved for the adiabatic potential energy curves, radial coupling and electronic dipole matrix elements. Our control scheme hinges on modifying the avoided crossing gap between the 5s+7p and ion pair state by applying an offresonant field, thereby tuning the Landau-Zener crossing probabilities between the ion pair and covalent states.
The two-center potential for the Rb 2 Rydberg-excited molecule is the sum of two single-center potentials,
where V 1 represents the potential felt by the valence electron due to the Rb core, and the pseudopotential V 2 that of the binding to the neutral rubidium atom; r a and r b represent the distances between the electron and the cation/neutral atom, respectively. We require that the potential in Eq. 1 correctly reproduce the asymptotic dissociation energies for all the relevant Rydberg and ion-pair states [19] . We further enforce that the known energy-independent e − -Rb scattering length and the Rb electron affinity are reproduced, i.e. a sc = −16.1 a.u. [20] and EA=-0.01786 a.u. [19] .
The valence-electron potential, V 1 [18] correctly reproduces the observed atomic energies [19] ,
where
with z being the nuclear charge. The terms of the potential account for screening of the nuclear charge due to core electrons and effect of core polarizability. For the neutral rubidium electron affinity, we use the radial Eckart potential [21] .
where V 0 and r 0 are parameters related in a set of coupled equations to the electron affinity and e − -Rb scattering length; see appendix A.
The Hamiltonian matrix is constructed from a suitable basis for each center and may be conveniently represented in prolate spheroidal coordinates We solve the generalized eigenvalue problem:
where H and S are the Hamiltonian and overlap matrices in the truncated basis:
The full wave function is comprised of {φ 
, where α Rb − = 526.0 a.u [24] , α Rb + = 9.11 a.u [25] are the polarizabilities of the anion and cation respectively.
k . The truncated basis set contains atomic orbitals, {φ (a) j } = {(5-9)s, (5-11)p, (4-6)d}, and the short-range wave function for scattering the of electrons from V 2 , {φ
r0 ), and λ = 0.0321816; see Appendix A. 2 F 1 (a, b; c; z) is the hypergeometric function [22] .
One major feature of this asymptotic approach is that the permanent and transition dipole, and non-adiabatic radial coupling matrix elements can now be calculated from the eigenstates of Eq. 4. Full details are available in Appendix A. The adiabatic potential energy curves, E(R), are shown in Fig. 2 . By construction, these adiabatic potentials correlate to the asymptotic dissociation energies for the Rydberg and ion pair states and have avoided crossings between covalent and ion pair channels. The Rb 2 BO potential energies in the region of Rb(5s)+Rb(6p) dissociation energy are superposed on the adiabatic potentials for comparison. The nonadiabatic coupling matrix element between the ion pair channel with the molecular Rydberg curve dissociating to Rb(5s)+Rb (7s) 
III. FIELD CONTROL COVALENT/ION PAIR CHANNELS
The avoided crossing in the interaction of ion pair channel (Rb + +Rb − ) and Rydberg channel (Rb(5s)+Rb(7p)) is nearly diabatic, i. e. the covalently populated vibrational states will predominantly dissociate to neutral atoms with little possibility of forming HRS and ion pair states. This is reflected in the narrowness of the avoided crossing and the strength of the radial non-adiabatic matrix element. The two channels have non-zero dipole transition moments, so in an external field, they will mix and modify the transition probability for populating ion pair states.
Near the avoided crossing, the electronic wave function becomes hybridized in the field, as in the first order of perturbation theory, |ψ = |ψ 0 + k =0
E0−E k |ψ k , where |ψ k are the dipole-allowed states which couple to the initial state, |ψ 0 . This hybridization is demonstrated in Fig. 3 for the two channels of interest. When the field is off, the wave function amplitude in the covalent Rydberg channel peaks near the avoided crossing. With the field on, the two amplitudes become comparable.
The probability that ion-pair states survive the singlepass traversal through the avoided crossing region in Fig. 2 is given approximately by the Landau-ZenerStückelberg formula:
where v =
is the velocity of the wavepacket at crossing, R = R c , a is the off-diagonal element coupling the two states at R c (half the crossing size in the fully diagonalized picture), and
∂(E2(R)−E1(R)) ∂R
| R=Rc is the relative slope of the intersecting curves at R = R c .
FIG. 4.
How the ion-pair survival probability may be controlled with modest off-resonant electric fields: Perturbation theory becomes unreliable for F > 1700 V/cm, and classical ionization occurs for F > 5 MV/cm. The vertical width of contour regions gives a measure of the survival probability above a desired threshold for a laser-pulse-excited vibrational wavepacket. For example, at F 1000V/cm., more than 2 σ std will survive if the laser linewidth can be constrained to ∼ 150 MHz. Fig. 4 illustrates how the ion=pair probability can be controlled with modest electric fields. Each curve represents a contour of cross-sectional survival probability for a vibrational wavepacket excited to a certain energy above the crossing threshold at a given field strength. For example, at field strengths of 1000V/cm., more than 2 σ std = 95.45% will survive if the laser linewidth can be constrained to ∼ 150 MHz.
As the loss probability of a given vibrational level goes at weak field strength as e −F 4 , even relatively weak fields have a profound effect on ion pair state survival.
IV. CONCLUSION
We have shown that application of weak off-resonant electric fields provide a simple yet potent means of drastically increasing the survivability of the ion pair states in Rb dimers. To this end, we have introduced a simple and intuitive analytical pseudopotential which reproduces the correct asymptotic behavior of the dimer. This model provides an easy and computationally straightforward way for us to calculate dipole and non-adiabatic coupling matrix elements for excited states of alkali dimers. This work was supported by the National Science Foundation through a grant for the Institute for Theoretical Atomic, Molecular, and Optical Physics at Harvard University and Smithsonian Astrophysical Observatory; S. Markson was additionally supported through a graduate research fellowship through the National Science Foundation.
which is related to the s-wave scattering length by the usual formula, 
There are multiple solutions to Eqs. (A8 -A9). However, since it is known that Rb − has only one bound state, we impose the additional restriction: The solutions to Eqs. (A8-A9) yield r 0 = 9.004786 a.u. and V 0 = 0.061675 a.u.
